Photofragmentation electronic spectra of isolated single-isomeric N-protonated quinoline (quinolinium) and isoquinoline (isoquinolinium) ions have been measured at a temperature of 40 K using a mass-selective, 10 cm 1 spectral resolution, photodissociation spectrometer.
Polycyclic aromatic nitrogen heterocycles (PANHs) involve a group of compounds widely distributed in the Earth´s biosphere 1 as a consequence of the emission caused by natural fires, incomplete combustion of fuels and discharge of industrial effluents, among other sources. 2, 3 The toxicity of several PANHs, 4 normally exceeding that of the structurally related polycyclic aromatic hydrocarbons (PAHs), has motivated the development of analytical methods that, in many cases, must rely on the scarce photophysical information existing for these molecules. 5 Additionally, many authors have hypothesized [6] [7] [8] that PANHs might also exist beyond the Earth throughout the interstellar medium (ISM), as a result of the reaction between interstellar nitrogen and PAHs. The presence of PAHs in the ISM has long been postulated to account for absorption features in the diffuse interstellar bands (DIBs) [9] [10] [11] and emission features in the aromatic infrared bands (AIBs). 12 More recently, it was pointed out using experimental and theoretical arguments that the AIBs' assignment is improved by considering nitrogen-containing PAHs. 8, [13] [14] [15] [16] Nevertheless, very few gas phase electronic spectra are available to conclusively establish whether the visible absorption of PANH + s is part of the observed astronomical DIBs. 17 In addition to the radical cations, protonated PANHs (hereafter PANHH + s) will likely be found in the ionized environments of the ISM due to the high proton affinity of the aromatic nitrogen expected for these molecules. Evidence supporting this assumption was given by recent IR measurements 15 performed on four small-size PANHH + s that were found to reproduce closely the 6.2 m and 8.6 m AIBs. However, well resolved electronic spectra of isolated PANHH + s are still needed 18 to explore if the visible absorption of these ions is a component of the DIBs.
In this work we have measured the photodissociation electronic spectra of cold protonated quinoline and isoquinoline, the two simplest PANHH + s comprising a pyridinium cation fused to a six-membered carbocyclic ring. Both quinoline and isoquinoline are structurally related to naphthalene, being one CH group of the latter molecule substituted by one aromatic nitrogen atom at positions 1 and 2, respectively (Scheme 1). Protonation occurs on the nitrogen sp 2 lone electron pair leading to the corresponding quinolinium (QH + ) or isoquinolinium (iQH + ) cations, as shown in Scheme 1. C-protonation is highly disfavored due to the electron deficiency at the aromatic carbons caused by the inductive polarization of the electronegative heteroatom. 3 Even though the electronic spectroscopic properties of neutral quinolines [19] [20] [21] [22] and their radical cations 17 have been extensively studied in the gas phase, less information is available on the corresponding isolated protonated molecules. 23, 24 In particular, only one spectrum at room temperature has been obtained for QH + and iQH + using photodissociation action spectroscopy by Hansen et al., 24 and so far well resolved vibronic spectra of cold ions are still lacking. A careful analysis of the fragmentation mechanism has been done in the paper by Hansen et al., and we will use their calculations for further discussion. We will present new UV-vis spectroscopic data for QH + and iQH + in which we were able to improve the accuracy of the electronic band origins, exhibit well resolved vibrational progressions associated to the low lying excitations, and provide estimations about the lifetime of the excited states based on the observed line broadenings. All the measurements were performed using a cryogenic ion trap photodissociation spectrometer in which the ions can be cooled to temperatures of a few tens of Kelvin. Pump-probe UVUV ion-dip experiments 25 were employed to explore the contribution of possible tautomers in the spectral bands.
The photochemical processes observed for protonated quinoline and isoquinoline will be compared with former measurements on protonated naphthalene. 26, 27 To support the spectroscopic observations, ab-initio calculations were performed on QH + and iQH + ground and excited states.
Methods:
Electronic spectra were recorded using the same experimental set-up as in previous work. 28, 29 Only a brief description of the apparatus will be given here, including the ions' preparation method and the applied spectroscopic techniques. Parent QH + and iQH + ions are formed in an electrospray source fed by a continuum flow of an acidulated water/methanol mixture (1:1 in volume) in which the corresponding quinoline is dissolved at a concentration Scheme 1. Left, protonated quinoline (quinolinium ion, QH + ); right, protonated isoquinoline (isoquinolinium ion, iQH + ). Additionally, a double resonance method 29 can be applied to a determined ion in the trap in order to discriminate whether the observed spectral bands belong to a unique species (different transitions sharing the same ground state) or originate from different conformers (further details in the Supporting Information file).
Ab-initio calculations were performed using the TURBOMOLE package, 30 following the resolution-of-the-identity (RI) approximation to calculate the electron repulsion integrals.
The ground state (S 0 ) geometries of QH + and iQH + were optimized at the MP2/cc-pVDZ level (second order Møller-Plesset perturbation theory, with the correlation-consistent polarized valence double-zeta basis set). Vertical transitions energies and oscillator strengths of the lowest excited singlet states (S 1-3 ) were calculated using the RI-ADC(2) (second order Algebraic Diagrammatic Construction) method, 31 which was previously found to reproduce adequately the electronic excitations of other ionic systems containing aromatic nitrogen atoms, 18, 32, 33 as well as protonated aromatic molecules having nitrogen functional groups. 34 Computations were performed in C 1 and Cs point-group symmetries. Under Cssymmetry restriction, the S 1 excited states of QH + and iQH + are found of the A'(*) type.
Supplementary excited state optimizations starting from non-planar structures returned back to the planar geometry. Ground and excited state zero-point energies (ZPEs) have been calculated for the two protonated quinolines to correct the computed transition energy values. 5 The vibrational frequencies associated to the ground and the excited states of the QH + and iQH + ions have been calculated to help us assign the experimental vibronic bands. Mulliken notation was used to label the calculated normal modes.
Results:
3.1 Electronic spectra of QH + In Figure 1 it is presented the difference TOF mass spectra obtained by subtraction of the ion signal corresponding to post-and pre-photodissociation of the parent ion QH + (m/q = 130, negative peak) at fragmentation energies corresponding to h= 42230 cm 1 (236. The photodissociation electronic spectra of cold QH + measured by collecting the fragment ion signal on mass channels m/q = 77, 102, 103 and 128 are plotted in Figure 2 . The onset of the absorption is more clearly visualized on the m/q = 103 and 128 channels associated to the fragment ions that dominate the mass spectrum upon excitation at lower energy. Three band systems are identified in the spectra. The first band evidences a clear 00 transition at h = 27868 cm 1 followed by a well-defined vibrational structure, where the bandwidths are found only slightly broader (15 cm 1 ) than the spectral resolution of the laser, which should correspond to the convolution of the laser width with the rotational contour. A second absorption appears quite unresolved starting at 32500 cm 1 , which is more clearly distinguished on the m/q = 77 and 102 channels. From the onset of this band it is possible to estimate a transition energy in the range 32000-33000 cm 1 , which agrees perfectly well with the second excited state (S 2 ) energy calculated for QH + (see Table 1 ). The third transition comes into view at h = 42230 cm 1 , preferentially leading to phenyl fragments (m/q = 77). It exhibits a rather intense 00 transition together with several active vibrational modes. In this The assignment of the vibrational structure of the first and third absorption bands is shown in Figure 3 by zooming respectively the spectral region in the vicinity of S 1 S 0 and S 3 S 0 transition origins. The active vibrations were labeled using the index of the calculated normal mode that better matches the experimental energy (see Table 2 ). The S 1 S 0 spectrum of QH + is vibrationally well resolved, having a more complex structure than expected from 8 the photodissociation action spectrum measured at room temperature. 25 It is dominated by three active modes observed at 481 cm 1 (1 and 2 quanta, assigned to 32 ), 492 cm 1 (1 to 4 quanta, assigned to 31 ) and 576 cm 1 (1 to 3 quanta, assigned to 30 ), as well as several of their combination bands. The modes 33 , 29 and 28 are also visible in the spectrum and are excited in combination with some of the other active modes. Even though the S 3 S 0 vibrations are notably broader, we were able to assign vibrational progressions of modes observed at 31 = 480 cm 1 (1-2 quanta), 30 = 578 cm 1 (1-3 quanta) and 29 
Intensity (arb.units) (31) Vibronic assignment of the active modes in the spectra was done with the help of S 1 and S 3 calculated normal modes (see Table 2 ). The UV-vis absorption of cold iQH + is given in Figure 4 at 35100 cm 1 , which compares well with the second excited state (S 2 ) energy calculated for iQH + (see Table 1 ) and is shifted by ~2500 cm 1 with respect to the QH + second excited state. Just as in the case of QH + , the fragmentation channel leading to the elimination of hydrogen cyanide (m/q = 103 mass channel in Figure 4 ) closes above 33600 cm 1 for iQH + . The first absorption band (S 1 S 0 transition) of iQH + shown in Figure 5 exhibits a well-defined vibrational structure with bandwidths of FWHMs  15 cm 1 , again slightly broader than the spectral resolution of the laser, which should correspond to the convolution of the laser width with the rotational contour. It is possible to distinguish two dominant modes at 31 = 492 cm 1 (1-3 quanta), and 30 = 589 cm 1 (1-2 quanta), and combination bands between them and including the modes 33 and 32 as well. Bands corresponding to the modes 33 , 32 , 29 and 28 have also been assigned in the spectrum. In the same figure it is observed that the vibrational bands linked to the S 3 S 0 electronic transition are markedly broader (FWHMs  130 cm 1 ), which implies that the lifetime of this excited state (S 3 in our calculations) is limited to less than 260 fs, in contrast to the S 1 case. In spite of the large bandwidths, we have tentatively assigned two vibrational modes (1-3 quanta) at 32 
Calculations
The protonation site of QH + and iQH + is limited in our calculations to the N heteroatom (see Scheme 1). The other tautomers with protonation on a carbon atom are at least 12100 cm 1 (1.5 eV) higher in energy according to our calculations. It is worth to remark that high-energy tautomers cannot usually be ignored since they have been occasionally evidenced 28, 33 despite the low temperatures achieved in the trap. In the present case, Cprotonated tautomers were not taken into account based on the results of double resonance experiments (see Supporting Information), which show that only a single species (Nprotonated tautomer) is responsible for the observed spectra. Vibronic assignment of the active modes in the spectra was done with the help of S 1 and S 3 calculated normal modes (see Table 3 ).
The optimized (MP2/cc-pVDZ) ground state of protonated isoquinoline is 72 cm 1 (0.009 eV) more stable than that of protonated quinoline. C 1 point-group symmetry ADC(2) adiabatic transition energies corrected by the variation of the ZPEs between the excited and the ground states, (E o ), and the respective oscillator strength values (f) are presented in Table   1 for both ions. Important differences are found between vertical (not shown in Table 1 The energetics of the low lying excited states of QH + and iQH + is very similar, in agreement with the good correspondence between their electronic spectra in Figures 2 and 4 .
In both molecular ions the excitation to the first excited state (S 1 ) involves a π-HOMO to an antibonding π*-LUMO transition with a moderate oscillator strength, which can be perfectly assigned to the first band of the electronic spectrum (band onsets at 27868 cm 1 for QH + and 28043 cm 1 for iQH + ). In the case of QH + , the next excitation (S 2 S 0 ) can largely be attributed to a (LUMO←HOMO1) transition, for which the magnitude of the oscillator 13 strength is significant. However, the iQH + S 2 S 0 transition involves additional molecular orbitals (HOMO and LUMO+1) and the calculations predict almost no absorption for this transition. This is in agreement with the experiments (m/q = 77 and 102 channels), in which a well-defined band starts at 32500 cm 1 for QH + , very close to the E 0 value calculated for S 2 , while only a very weak absorption at 35100 cm 1 appears in the case of iQH. Supplementary the assumption that at the low temperature of the experiment the vibrational modes of the electronic ground state are not excited. We have restricted the list to frequencies lower than 1000 cm 1 and excluded a few unassigned experimental bands of weak intensity. Although most of calculated frequencies agree well with the measured values, in a few cases the assignment must be considered as tentative because  exp  calc  exceeds the experimental resolution of the apparatus (indicated with asterisks in the tables. The calculated in-plane vibrational modes [28] [29] [30] [31] [32] [33] are active in the S 1 excited state of QH + under our experimental conditions, three of them being clearly assigned to intense spectral bands: exp = 576 cm 1 ( 30 , nonsymmetrical ring deformation), exp = 492 cm 1 ( 31 , symmetrical breathing), and exp = 481 cm 1 ( 32 , nonsymmetrical ring deformation). The modes 30 and 31 are also active in the S 3 excited state at slightly different frequencies (578 and 480 cm 1 , respectively). The low energy out-of-plane mode 47 is apparently active in the S 3 state of QH + (two quanta match the band at exp = 220 cm 1 ). The in-plane low frequency vibrations calculated for iQH + do not differ much in energy from those of its structural isomer. In-plane iQH + vibrational modes [28] [29] [30] [31] [32] [33] are again active in S 1 , the same three modes, exp = 588 cm 1 ( 30 , symmetrical ring deformation), exp = 486 cm 1 ( 31 , symmetrical breathing) and exp = 467 cm 1 ( 32 , 14 nonsymmetrical breathing) prevailing. The modes [30] [31] [32] appear to be active in the S 3 excited state of iQH + ( 30 at 656 cm 1 and a band comprising 32 
Discussion
The fragmentation spectra of the molecular ions QH + and iQH + look very similar (compare Figures 2 and 4) , exhibiting two intense band systems associated with the S 1 S 0 and S 3 S 0 absorptions (UV and deep-UV bands, respectively) in addition to a weak broad structure located in between, which has been assigned to the S 2 S 0 absorption. The UV and deep-UV band origins correspond reasonably well with previous estimations done by action spectrometry at room temperature, 24 although the low temperature of the ions achieved in our experiments allow us to observe well-defined 00 bands and clear progressions of vibrational bands (Figures 3 and 5 ). In the UV and deep-UV range, the electronic spectra of QH + and iQH + are governed by the excitation of  electrons. All the observed transitions are of * character because protonation transforms the n orbital (lone pair) on the nitrogen atom to a  orbital and the resulting * transitions become too high to be observed. * transitions are also calculated beyond experimental access due to their high energies.
In coincidence with previous DFT calculations, 24 the RI-ADC(2) method also shows that the S 1 S 0 excitation in both QH + and iQH + can be viewed to a great extent as a transition from the HOMO to the LUMO, while S 2 S 0 and S 3 S 0 excitations involve other orbitals.
The probability density of the HOMO is somewhat larger on the non-protonated ring than on the heterocycle, whereas a more uniform distribution characterizes the LUMO. Consequently, a small degree of charge transfer (CT) is involved in the photoabsorption of quinolinium that the experimental bands are very intense. This was also noted previously 24 for the same species. An explanation for that might be that the oscillator strength effect on the band intensity can be to a great extent compensated by large Franck Condon factors.
The structural similarity of QH + , iQH + and NphH + can also be accounted for by plotting the vibrationally resolved photofragmentation spectra of these ions in the vicinity of the S 1 S 0 band origin, as shown in Figure 6 . The low lying active vibrational modes [28] [29] [30] [31] [32] [33] of QH + and iQH + match reasonably well with the modes [29] [30] [31] [32] [33] [34] of NphH + (see supplementary information of reference 27). The first mode in the region of 340 cm 1 (indicated as 33 The transition to the S 2 state is observed broad and featureless in QH + and iQH + spectra, probably because it is involved in a fast internal conversion process. However, according to our ab-initio calculations, the excited state S 2 does not lose its planar symmetry and this makes improbable that an out-of-plane non-radiative deactivation channel towards the ground state will take place. The reason for the absence of structure is not clear.
The S 3 S 0 absorption in quinolinium ions is found practically selective to the fragmentation channel leading to the phenyl cation (m/q = 77) and it exhibits a fast deactivation rate estimated in terms of the experimental bandwidths (particularly for iQH + ), which are much larger than the apparatus resolution. A question arises whether the photoexcitation to the S 3 excited state induces the production of phenyl cations by secondary fragmentation of m/q = 103 ions or alternatively a non-sequential fragmentation pathway takes place. Evidence supporting that the phenyl cation is not the daughter ion from the m/q = 103 fragment arises by considering the different rate of formation of both ions. It was found that while the phenyl fragments are produced in a very short time (less than 100 ns) after the fragmentation laser pulse, it takes several milliseconds for m/q = 103 fragments to appear in the trap.
The ultrashort lifetime of the S 3 excited state suggested by the bandwidths appearing in the deep-UV absorption of iQH + and, to a lower extent, QH + might originate from a nonradiative deactivation via isomerization processes like those occurring in other azabenzenes.
For example, valence isomers such as Dewar and prefulvene structures have been proposed as intermediates associated to the 2-3 ps relaxation of the lowest * excited state measured for isolated pyridine 36 and for protonated pyridine in solution 37 by femtosecond time-resolved mass spectrometry and transient absorption, respectively. A conical intersection located by ab-initio calculations of the potential surfaces was found to play a determinant role in the isomerization pathway leading to the ultrafast deactivation. 38 Dewar pyridines have also been produced by argon matrix isolation and UV irradiation and characterized by FT IR. 39 Although the Dewar forms of protonated quinoline and isoquinoline are energetically accessible from their S 3 excited state according to DFT/B3LYP calculations, no direct evidence on the formation of these photoisomers is derived from our experiments.
Finally, photoproducts and branching ratios do not change from QH + to iQH + and are consistent with those obtained by action spectroscopy at room temperature, which were extensively analyzed in reference 24. 18 
Conclusions
The key result of the present work is the presentation of cold photofragmentation spectra of single-isomeric protonated quinoline and isoquinoline ions, together with ab-initio adiabatic transitions energies that nicely match with the experimentally well-defined band onsets. Although the second band in the electronic spectra does not show any vibrational structure, the first and the third absorptions show several in-plane vibrations that have been analyzed and assigned with the help of calculations performed in the ground and the excited states.
The bandwidths measured in the deep-UV absorption of iQH + and, to a lower extent, in QH + denote that the lifetime of the S 3 excited state is in the subpicosecond time scale, possibly via a relaxation pathway involving valence photoisomers.
Finally, we have observed that the vibrational progressions in the S 1 excited state of QH + and iQH + look very similar and resemble that of the structurally related protonated naphthalene. 
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